Epoxyeicosatrienoic acid (EET) production via cytochrome P450 (CYP) epoxygenases closely correlates with the progression of breast cancer. However, its role in the development of chemoresistant breast cancers has yet to be elucidated. Here, we found that CYP3A4 expression and its epoxy-product, 11,12-epoxyeicosatrienoic acid (11,12-EET) was enhanced in tamoxifen (TAM)-resistant MCF-7 (TAMR-MCF-7) breast cancer cells compared to control MCF-7 cells. Treatment of TAMR-MCF-7 cells with ketoconazole and azamulin (selective CYP3A4 inhibitors) or 14,15-epoxyeicosa-5(Z)-enoic acid (14,15-EEZE, an EET antagonist) inhibited cellular proliferation and recovered the sensitivity to 4-hydroxytamoxifen. Chick chorioallantoic membrane and trans-well migration analyses revealed that the enhanced angiogenic, tumorigenic, and migration intensities of TAMR-MCF-7 cells were also significantly suppressed by ketoconazole and 14,15-EEZE. We previously reported that Pin1, a peptidyl prolyl isomerase, is a crucial regulator for higher angiogenesis and epithelial-mesenchymal transition characteristics of TAMR-MCF-7 cells. EET inhibition suppressed E2F1-dependent Pin1 gene transcription, and Pin1 silencing also blocked cell proliferation, angiogenesis, and migration of TAMR-MCF-7 cells. Our findings suggest that the CYP3A4-mediated EET pathway represents a potential therapeutic target for the treatment of tamoxifen-resistant breast cancer.
INTRODUCTION
Approximately 2 of 3 breast cancers require estrogen and functional estrogen receptor α (ER-α) for growth; thus, anti-estrogens such as tamoxifen (TAM), a non-steroidal anti-estrogen, have been widely used and have been the most effective therapy in the treatment of ER-positive breast cancer patients [1] . Although TAM treatment prolongs overall survival and reduces mortality and metastatic disease, most patients ultimately acquire resistance, which has been a serious problem in the treatment of breast cancer patients [2, 3] . However, the molecular mechanism leading to endocrine resistance and the poor prognosis of breast cancers remain controversial. Hence, the identification of an appropriate target is needed to contribute to the treatment of these endocrine-resistant breast cancers.
Cytochrome P450s (CYPs) are a complex group of enzymes that are required for the metabolism of diverse xenobiotics, including therapeutic agents and environmental procarcinogens [4, 5] . The expression of P450s correlates with both the response to chemotherapy and the initiation or promotion of tumorigenesis [4, 5] . One of the physiological functions of CYP epoxygenases is metabolizing arachidonic acid (AA) to biologically active eicosanoids termed cis-epoxyeicosatrienoic acids (EETs), including 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET [6] . EETs are quickly metabolized, mainly by soluble epoxy hydrolase (sEH), to lessactive dihydroxyeicosatrienoic acids [7] . EETs are well-known in the cardiovascular system, where they function as vascular relaxation factors independent of nitric oxide and prostacyclin I2 [8] . Moreover, EETs also exert the ability to stimulate angiogenesis with both secreted EETs and synthetic EETs [9] [10] [11] . In humans, CYP epoxygenases, including CYP2C8, 2C9, 2J2, and CYP3A4, have been well-known to convert AA to EETs [12] [13] [14] . The expression of these CYP epoxygenases has been reported to play a critical role in the tumorigenesis of diverse cancers, supporting a potential role for EETs in carcinogenesis. CYP2C8, CYP2C9, and CYP2J2 are overexpressed in three prostate carcinoma cell lines (PC3, DU-145, and LNCaP) and contribute to the metastatic capacity (invasion and migration) of these cell types [15] . Specifically, 11,12-EET is the major AA metabolite and potentiates cell invasion and migration in these prostate carcinoma cell lines [15] . CYP3A4 overexpression increases hepatocarcinoma growth, which can be inhibited by the addition of a putative EETreceptor antagonist, 14,15-epoxyeicosa-5(Z)-enoic acid (14, [16] . CYP2J2-derived EETs have been shown to promote invasion and metastasis in a variety of human cancers, including breast carcinoma [17] . Mitra et al. demonstrated that CYP3A4 epoxygenase promotes the growth of estrogen receptor (ER)-positive breast cancer cells, in part through the biosynthesis of 14,15-EET [18] . Despite the increasing number of studies focusing on the roles of CYP epoxygenases and EETs in breast cancer, their effects on the development of TAMresistant breast cancer have not yet been identified. The aim of this study was to identify the potential role of CYP epoxygenases and their derived EETs during the development of endocrine-resistant breast cancers.
Our research revealed that CYP3A4 is overexpressed and plays an important role in cell proliferation, angiogenesis, and migration in TAMresistant breast cancer cells, in part through 11,12-EET biosynthesis. This finding suggests that inhibition of CYP3A4 and the EET signaling pathway may represent new therapeutic strategies for the treatment of endocrineresistant breast cancers.
RESULTS

Expression of CYP epoxygenases and EET synthesis in TAMR-MCF-7 cells
CYP epoxygenases, including CYP2C8, 2J2, 2C9, and CYP3A4, have the capacity to synthesize EETs and may be involved in breast cancer progression [18, 19] . We compared the mRNA expression levels of these epoxygenases in both MCF-7 and TAMR-MCF-7 cells. RT-PCR analysis revealed that the CYP3A4 mRNA level was dramatically increased in TAMR-MCF-7 cells compared to control MCF-7 cells, while CYP2C8 and CYP2C9 mRNA levels were only slightly enhanced, and the CYP2J2 mRNA level exhibited a decreasing trend ( Figure 1A ). Immunoblot analyses confirmed that the protein expression of CYP3A4 was clearly increased in TAMR-MCF-7 cells, and the levels of CYP2C8 and CYP2C9 were marginally changed (CYP2C8) or undetected (CYP2C9) according to cell type ( Figure 1B ). We then compared CYP3A4 enzyme activities between MCF-7 and TAMR-MCF-7 cells. After incubation of both the cell types with testosterone (CYP3A4 substrate), 6β-hydroxytestosterone formation was about 2-fold increased in TAMR-MCF-7 cells compared to MCF-7 cells ( Figure 1C ). Because CYP3A4 displays a high ability of AA epoxygenase in breast cancer [18] , we next determined the levels of EETs in MCF-7 and TAMR-MCF-7 cells. Interestingly, 11,12-EET synthesis was selectively elevated approximately 8-fold in TAMR-MCF-7 cells compared to MCF-7 cells ( Figure 1D ), whereas 5,6-EET, 8,9-EET, and 14,15-EET were produced at a very low or undetectable concentrations in both the cell types (data not shown). These data suggest that 11,12-EET is the major epoxy metabolite of AA elevated in CYP3A4-overexpressing TAMR-MCF-7 cells. Although both MCF-7 and T47D cells are classified as luminal breast cancer cell lines, T47D cells are relatively more TAMresistant clone [20, 21] . When we assessed protein level of CYP3A4, the basal expression levels of CYP3A4 in T47D cells was higher than those in MCF-7 cells ( Figure  1E ). Moreover, single exposure of 4-hydroxytomoxifen (0.3 and 3 μM) in MCF-7 cells marginally increased the protein expression of CYP3A4 ( Figure 1F ), which imply that CYP3A4 induction in TAM-resistant breast cancer cells may results from long-term adaption of cells to 4-hydroxytamoxifen.
Role of CYP3A4-mediated EET production in cell proliferation and TAM-resistance in TAMR-MCF-7 cells
It has been reported that CYP3A4 is expressed in approximately 80% of human breast cancers, and that enzyme expression correlates with decreased overall survival in breast cancer [22] . Additionally, EETs promote www.impactjournals.com/oncotarget cell proliferation in several cancers including breast cancer [18] . To identify a potential role for CYP3A4-mediated EET production in TAM-resistant breast cancer cells, we used ketoconazole, azamulin (chemical CYP3A4 inhibitors) and 14,15-EEZE (an EET antagonist). We found that treatment with ketoconazole (10 μM), azamulin (10 μM) or 14,15-EEZE (3 μM) for 72 h significantly inhibited cell proliferation of TAMR-MCF7 cells by 51%, 41% and 40%, respectively (Figure 2A and 2B), suggesting that CYP3A4-mediated EET production MCF-7 cells were exposed to 0.3 and 3 μM 4-hydroxytamoxifen for 24 h and the total cell lysates were subjected to CYP3A4 immunoblotting. www.impactjournals.com/oncotarget partially contributes to the cellular proliferation of TAMR-MCF-7 cells. Moreover, flow cytometric analyses revealed that co-treatment of TAMR-MCF-7 cells with ketoconazole (10 μM) and 14,15-EEZE (3 μM) increased the number of annexin V-positive apoptotic cells compared to cells treated with 4-hydroxytamoxifen (3 μM) alone ( Figure 2C ). These data suggest that CYP3A4 overexpression is associated with the cellular proliferation and chemoresistance of TAMR-MCF-7 cells, in part through the enhanced biosynthesis of 11,12-EET.
Role of CYP3A4-mediated EET production in VEGF-mediated angiogenesis of TAMR-MCF-7 cells
Vascular endothelial growth factor (VEGF) plays an important role in the angiogenic activity of diverse tissues [23, 24] . We previously showed that TAMR-MCF-7 cells exhibit increased VEGF-mediated angiogenesis compared to MCF-7 cells [25] . Additionally, the pro-angiogenic activity of EETs is mediated in part by VEGF [23, 24] . We hypothesized that CYP3A4 overexpression and CYP3A4-catalyzed 11,12-EET synthesis are linked to excessive VEGF production in TAMR-MCF-7 cells. As expected, the enhanced VEGF mRNA expression and transcriptional activity was diminished by ketoconazole and 14,15-EEZE in TAMR-MCF-7 cells ( Figures 3A, 3B , and 3C). ELISA confirmed that treatment with ketoconazole and 14,15-EEZE significantly reduced the higher secretion of VEGF in TAMR-MCF-7 cells (Figure 3D and 3E) .
We then tested the effect of these chemicals on the angiogenesis of TAMR-MCF-7 cells using a chick chorioallantoic membrane (CAM) assay, which is a convenient model used to evaluate tumor-induced angiogenesis [26] . CAM-bearing TAMR-MCF-7 cells had a higher intensity of blood vessels than CAMbearing MCF-7 cells or VEGF (20 ng/CAM)-treated cells ( Figure 3F and 3G). Treatment with ketoconazole or 14,15-EEZE significantly reduced the number of blood vessels around the tumor produced by TAMR-MCF-7 cells in a concentration-dependent manner ( Figure 3F and 3G). Moreover, we also found that the tumors formed from TAMR-MCF-7 cell masses in CAM were much larger than those from MCF-7 cells, and that the tumor weights were significantly decreased by ketoconazole or 14,15-EEZE treatment ( Figure 3H and 3I). These data highlight a critical role of CYP3A4 overexpression and EET formation in the regulation of both VEGF-mediated angiogenesis and tumorigenesis in TAM-resistant breast cancer.
Effects of a CYP3A4 inhibitor and an EET antagonist on cell migration of TAMR-MCF-7 cells
CYP epoxygenase and EET production have been found to correlate with human cancer metastasis [17] . Specifically 11,12-EET contributes to the migration and invasion capabilities of prostate cancer [15] . Hiscox et al. reported that breast cancer cells exhibit greater metastatic ability, characterized by increased motile and invasion behavior during the acquisition of tamoxifen resistance [27, 28] . Here, we confirmed that TAMR-MCF-7 cells display enhanced migration ability compared to MCF-7 cells ( Figure 4A ). We then tried to identify a role for CYP3A4-mediated 11,12-EET production in the cellular migration of TAMR-MCF-7 cells. Treatment with ketoconazole, azamulin and 14,15-EEZE significantly inhibited the cellular migration of TAMR-MCF-7 cells ( Figure 4B and 4C). These data suggest that up-regulated CYP3A4-dependent 11,12-EET formation is related to a greater migration capacity of TAMR-MCF-7 cells.
Cancer metastasis is associated with enhanced synthesis of metastasis-related genes, including matrix metalloproteinases (MMPs), a family of proteinases [29, 30] . High levels of MMP-2 and MMP-9 have been related to breast cancer invasion [30] . We further examined the expression of MMP-2 and MMP-9 in both cell lines. An increase in mRNA expression and the enzymatic activities of both MMP-2 and MMP-9 were observed in TAMR-MCF-7 cells compared to MCF-7 cells by RT-PCR ( Figure 4D ) and zymography analyses ( Figure 4E ). Moreover, reporter gene assays with human MMP-2 and MMP-9 promoter-luciferase constructs also revealed that the transcription of both genes was increased in TAMR-MCF-7 cells (Figures 4F). To explore whether CYP3A4-mediated EET production is involved in the up-regulation of MMP-2 and MMP-9 in TAMR-MCF-7 cells, cells were exposed to ketoconazole for 24 h. The mRNA levels ( Figure 4G ) and reporter gene activities (Figures 4H) of both MMP-2 and MMP-9 were suppressed by ketoconazole, suggesting that CYP3A4-dependent 11,12-EET production may be related to the up-regulation of MMPs and migratory phenotypic changes in TAMR-MCF-7 cells.
Influence of CYP3A4-mediated EET production on Pin1 expression in TAMR-MCF-7 cells
Pin1, a peptidyl prolyl isomerase, is an enzyme that is crucial for diverse cancer developmental processes including proliferation, apoptosis, and migration [31] . We previously reported that Pin1 overexpression is critical for VEGF-mediated angiogenesis and the EMT process in TAMR-MCF-7 cells [25, 32] . The basal expression of Pin1 was also higher in relatively TAM-resistant T47D cells than MCF-7 cells ( Figure 5A ). Given the important role of Pin1 in angiogenesis and cell migration, we further examined a possible relationship between Pin1 and CYP3A4-mediated 11,12-EET production in TAMR-MCF-7 cells. Treatment with ketoconazole, azamulin and 14,15-EEZE significantly reduced the protein expression of Pin1 in TAMR-MCF-7 cells ( Figure 5B and left panel of 5C). Furthermore, treatment with MSPPOH, an epoxygenase inhibitor, also suppressed the level of Pin1 (right panel of Figure 5C ). Vice versa, Incubation of MCF-7 cells with 40 μM rifampicin, a potent CYP3A4 inducer for 24 h, the protein levels of CYP3A4 and Pin1 were enhanced compared to vehicle-treated control ( Figure 5D ). Rb1-dependent E2F1 activity is required for Pin1 gene transcription in TAMR-MCF-7 cells [33] . We also found that exposure of TAMR-MCF-7 cells to ketoconazole or 14,15-EEZE inhibited Rb phosphorylation and reduced the protein expression of E2F1 ( Figure 5E ). These data suggest that the diverse effects of CYP3A4-mediated 11,12-EET production in TAMR-MCF-7 cells may be linked to Rb/E2F1-dependent Pin1 activity.
To confirm these findings, MCF-7 cells were exposed to various EETs, including 8,9-EET, 11,12-EET, and 14,15-EET (100 ng/ml, respectively). All EETs significantly increased Pin1 expression and Pin1 gene promoter activity in MCF-7 cells ( Figure 5F ). Additionally, AUDA, a selective soluble epoxide hydrolase inhibitor Reporter gene assays using MMP-2 and MMP-9 promoter reporters. Luciferase reporter gene assays were performed to detect promoter activities of MMP-2 and MMP-9. Each cell type was transiently co-transfected with MMP-2-luc reporter plasmid or MMP-9-luc reporter plasmid (1 μg/ml) and phRL-SV (hRenilla) (1 ng/ml). Dual luciferase reporter assays were performed as described in Figure 3B that inhibits the biological metabolism of EETs, also caused a marked increase in Pin1 expression and Pin1 reporter activity in MCF-7 cells ( Figure 5G ). Moreover, exposure to 11,12-EET, which has been identified as a major EET product in TAMR-MCF-7 cells, increased Pin1 and Rb/E2F1 expression in a concentration-dependent manner in MCF-7 cells ( Figure 5H ). Finally, to assess whether CYP3A4/EET-mediated Pin1 activation is a cause of increased proliferation, migration, and VEGF secretion in TAMR-MCF-7 cells, we established TAMR-MCF-7 cells stably expressing Pin1 shRNA. The infection efficacy was confirmed by a decrease in the protein and mRNA expression levels of Pin1 ( Figure 6A and 6B) . Similar to the effects of the CYP3A4 inhibitor and the EET antagonist, Pin1 knockdown TAMR-MCF-7 cells had a slower proliferation rate than control shRNA/TAMR-MCF-7 cells ( Figure  6C ). Moreover, VEGF secretion in TAMR-MCF-7 cells was diminished by Pin1 knock-down ( Figure 6D ). Pin1 silencing also inhibited cell migration of TAMR-MCF-7 cells ( Figure 6E ) and reduced the mRNA levels of MMP-2 and MMP-9 ( Figure 6F ).
DISCUSSION
The pathological consequences of cancer are mainly correlated to tumor growth and metastasis, which are caused by uncontrolled cell proliferation, invasion, and migration. Angiogenesis is also implicated in the growth of neoplastic tumors, although it is critical for the processes of wound healing and tissue regeneration [8] . TAMresistant breast cancer exhibits typical characteristics of aggressive cancer, including rapid growth, microvessel formation, and a high capacity for metastasis [27, 32, 34] . However, the underlying mechanisms for the malignant changes are poorly understood. Increasing evidence demonstrates that EET production, which is catalyzed by CYP epoxygenases, is involved in the proliferation and migration of cancer cells [8, 35, 36] . A recent paper also reported that EET levels are enhanced in human breast cancer tissues, which is associated with aggressive behavior [37] . Here, we found for the first time that overexpression of CYP3A4 epoxygenase is involved in cell proliferation, angiogenesis, and migration in TAM-resistant human breast cancer cells through the biosynthesis of 11,12-EET.
CYP3A4 is mainly expressed in human liver tissue and is considered the most important enzyme in the biotransformation of xenobiotics including various anticancer drugs [38] . CYP3A4 is also expressed in several cancer cell lines such as breast, colon and liver [36, 39, 40] . It has been reported that several anticancer agents such as tamoxifen can induce CYP3A4 in cancer cells, which is related to the acquisition of chemoresistance [41, 42] . In our study, CYP3A4 was overexpressed in TAM-resistant breast cancer cells, and its enzymatic inhibition significantly reduced cell proliferation and induced synergistic apoptosis with 4-hydroxytamoxifen. Hence, the up-regulation of CYP3A4 in TAMR-MCF-7 cells may be important for both exaggerated cell growth and the impaired response to chemotherapy. Moreover, the enhanced angiogenesis and migration observed in TAMR-MCF-7 cells were dramatically suppressed by CYP3A4 inhibition, suggesting a critical role of CYP3A4 in malignant changes during the development of TAM resistance. A previous study reported that EET produced from CYP2J2 is important for cancer metastasis in breast cancer [17] ; however, other studies have reported that CYP2J2 is not associated with overall survival, and that its immunoactivity is nearly undetectable in breast cancer tissues [18, 19] . Compared to the parental MCF-7 cells, CYP2J2 protein was not detected and its mRNA level was even decreased in TAMR-MCF-7 cells, suggesting that CYP2J2 is unrelated to malignant changes in resistant cells. A recent study using human breast cancer and adjacent noncancerous tissues revealed that CYP2C8 and 2C9 protein levels positively correlated with the intensity of Ki67, a representative cellular proliferation marker protein, and that CYP2J2 levels positively correlated with histological grade and tumor size [37] . In the present study, we found that CYP3A4 was highly expressed in TAMR-MCF-7 cells, while the protein and mRNA levels of CYP2C8 and 2C9 were limited. Hence, these results highlight a pivotal role of CYP3A4 up-regulation in multiple regulation of cancer aggressiveness in TAM-resistant breast cancer.
EETs play an important role in cancers due to their ability to promote cell proliferation, angiogenesis and metastasis [17, 35] . Here, we demonstrated a selective increase in 11,12-EET biosynthesis in TAMR-MCF-7 cells. Additionally, blocking the function of EETs by an EET antagonist yielded results similar to those obtained following the inhibition of CYP3A4 activity with respect to cell proliferation, angiogenesis, and migration of TAMR-MCF-7 cells. These data suggest that the effects of CYP3A4 in TAMR-MCF-7 cells are in part related to 11,12-EET production. Studies using purified CYP epoxygenases have indicated that the catalytic activity and regio-selectivity of EET formation are P450 isoformand species-dependent [7, 43, 44] . Each enzyme is able to convert AA to all four EET regioisomers, and the main products in many cases are 11,12-EET and 14,15-EET [6] . In the case of CYP2C8 or CYP2C9, 14,15-EET production is dominant compared to 11,12-EET or 8,9-EET [7, 45, 46] . 11,12-EET is known to be a major product of CYPs in prostate cancer [15] . Our results support explicating the selective 11,12-EET biosynthesis through the upregulation of CYP3A4 in TAM-resistant breast cancer. However, the mechanisms for the selective biosynthesis and metabolism of eicosanoids in TAMR-MCF-7 cells require further study. www.impactjournals.com/oncotarget EETs promote angiogenesis via mitogen-activating protein kinase-dependent eNOS up-regulation [47] or Src/STAT3-dependent VEGF expression [48] . It has also been shown that 11,12-EET stimulates angiogenesis by activating epidermal growth factor receptor (EGFR) [49] and sphingosine kinase 1 [50] . Most of these studies have reported that the pro-angiogenic activity of EETs is mediated through VEGF production [23, 24] . Webler et al. suggested a positive feedback loop between VEGF and EET production in endothelial cells [23] . VEGF induces CYP2C8 gene expression via transcriptional activation, which causes increased intracellular EET levels [23] . We previously reported that VEGF overexpression is required for enhanced angiogenesis in TAMR-MCF-7 cells [25] . Here, we demonstrate that CYP3A4-catalyzed 11,12-EET stimulates angiogenic progression via VEGF up-regulation in TAMR-MCF-7 cells. Hence, EET signaling seems to be involved in the enhanced angiogenesis in TAM-resistant breast cancer.
CYP epoxygenases and their derived EETs stimulate the migration and invasion of various cell types through the up-regulation of the pro-metastatic MMPs and CD44, and down-regulation of the anti-metastatic genes CD82 and NM23 [17] . Additionally, 11,12-EET increases cell motility via EGFR and subsequent Akt activation in prostate carcinoma cancer [15] . The findings of the present study indicate that CYP3A4-dependent 11,12-EET formation contributes to enhanced migration capacity of TAMR-MCF-7 cells and that the effect may be related to the activities of MMP-2 and MMP-9, because CYP3A4 inhibition abrogates the expression of both metalloproteinases. Several reports have already shown that EETs directly enhance the expression of MMP-2 and MMP-9 in neutrophil and wound tissues [51, 52] . Moreover, EET antagonist attenuates wound closure in sEH-null mice [52] .
Overexpression of Pin1, a peptidyl-prolyl isomerase protein, is closely related to the exaggerated cell proliferation and acquired drug resistance in TAMR-MCF-7 cells [53, 54] . Moreover, Pin1 functions as an essential protein required for angiogenesis [25] , EMTlike behavior [32] and migration/invasion of cancer cells [55] , all of which may contribute to the metastatic ability of TAM-resistant breast cancer. Because the biological function of Pin1 appears to strongly resemble that of EET in TAMR-MCF-7 cells, we hypothesized that 11,12-EET up-regulates Pin1 status according to cell type. With regard to cell proliferation rate, VEGF production, and the migration ability of TAMR-MCF-7 cells, the results from Pin1 knock-down experiments were similar to those from the inhibitor studies on CYP3A4 and EET. Moreover, the CYP3A4-mediated 11,12-EET pathway participated in Rb/E2F1-dependent Pin1 gene transcription. Our data suggest that Pin1 acts as a key mediator for the effects of CYP3A4-derived 11,12-EET biosynthesis in TAMresistant breast cancer.
Overall, our findings demonstrated for the first time that selective overexpression of CYP3A4 and 11,12-EET production in TAMR-MCF-7 cells play pivotal roles in regulating malignant changes including rapid growth, angiogenesis, and migration. Our findings suggest that CYP3A4 inhibitors and EET antagonists may serve as novel therapeutic agents for the treatment of TAMresistant breast cancer.
MATERIALS AND METHODS
Materials
Antibodies against CYP3A4, CYP2C8, and CYP2C9 were purchased from Abcam (Cambridge, UK). Antibodie against p-RB were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies against Pin 1 and E2F1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxidaseconjugated donkey anti-rabbit, anti-goat IgG, and alkaline phosphatase-conjugated donkey anti-mouse IgG were acquired from Jackson Immunoresearch Laboratories (West Grove, PA). Anti-actin antibody and most of the reagents used for molecular studies were obtained from Sigma (St. Louis, MO). VEGF-luc plasmid was kindly donated from Dr. Lee (Chonnam National University, Gwangju, Korea). Full length human MMP-2 and MMP-9 promoter luciferase constructs were kindly provided by 
Cell culture and establishment of tamoxifenresistant MCF-7 (TAMR-MCF-7) cells
ER-positive MCF-7 cells were cultured at 37°C in 5% CO 2 /95% air in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 μg/ml streptomycin. TAMR-MCF-7 cells were established using methods previously reported [34, 56] and cultured in DMEM containing 10% charcoal-stripped FBS (Hyclone, Logan, UT) and 4-hydroxytamoxifen (3 μM). For the experiment purpose, the chemicals were exposed in serum free medium condition. For generation of stable knockdown TAMR-MCF-7 cell lines, the lentiviral transduction particles containing short hairpin RNA (shRNA) for Pin 1 (sc-36230-v), or nontarget control shRNA (sc-108080) were purchased from Santa Cruz. Cells were transduced with virus in the presence of polybrene (5 μg/mL) for 24 h and then selected by puromycin (3 μg/mL).
Immunoblot analysis
After washing with sterile PBS, cells were lysed in lysis buffer containing 20 mM Tris-Cl (pH 7.5), 1% Triton X-100, 137 mM sodium chloride, 10% glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, 25 mM β-glycerolphosphate, 2 mM sodium inorganic pyrophosphate, 1 mM phenylmethylsulfonylfluoride, and 1 μg/ml leupeptin. Total cell lysates were centrifuged at 10,000g for 10 min to remove cell debris, and proteins in the supernatant were fractionated using a 12% separating gel. The fractionated proteins were then transferred electrophoretically to nitrocellulose paper, and the proteins were immunoblotted with specific antibodies.
CYP3A4 activity assay
To determine CYP3A4 activity, MCF-7 and TAMR-MCF-7 cells were incubated with 200 μM testosterone for 2, 4 or 6 h at 37ºC. 100 μL aliquot was collected in a 1.5-mL microcentrifuge tube containing an identical volume of ice-cold acetonitrile-methanol (1:1) containing carbamazepine (100 nM) as an internal standard and cells were harvested using non-denaturing lysis buffer for the determination of cellular protein. CYP3A4-dependent 6β-hydroxytestosterone formation was determined as described in a previous paper [57] .
Reporter gene analysis
A dual-luciferase reporter gene assay system (Promega, Madison, WI) was used to determine promoter activity. Briefly, cells were plated in 12-well plates and transiently transfected with 1 μg/ml reporter plasmids and phRL-SV plasmid (hRenilla luciferase expression for normalization) using Hillymax® reagent (Dojindo Molecular Technologies, Gaithersburg, MD). The cells were then incubated in culture medium without serum for 18 h. Firefly and hRenilla luciferase activities in the cell lysates were measured using a luminometer (LB941, Berthold Technologies, Bad Wild, Germany). Relative luciferase activities were calculated by normalizing the promoter-driven firefly luciferase activity to the hRenilla luciferase.
EET extraction from breast cancer cells and determination by LC-ESI/MRM/MS Method
Cells were collected in cold PBS containing 2 μM soluble epoxide hydrolase inhibitor 1471 (a gift from Dr. Bruce Hammock, University of California, Davis, CA). The pellets were extracted with a 1:1 mixture of methanol/chloroform (1.32 ml) for 1 min, and 0.33 ml of distilled water was added and the mixture was vortexed for additional 1 min. After 60 min, the samples were then separated into two layers by centrifugation for 20 minutes at 15,800 g at 4 ºC. The lower layer was evaporated with vacuum centrifugation, and the residues were dissolved in 20 μl methanol for mass spectrometric analysis. Two microlitter of samples were subjected to LC-ESI/MRM/ MS analysis with API 2000 Mass Spectrometer (AB/ SCIEX) coupled with an Agilent 1100 HPLC (Agilent, CO) using nitrogen as the collision gas (heater turbo gas temperature: 500 ºC). Negative ion monitoring was performed with the following diagnostic product ions: 319 m/z3 127m/z for 8,9-EET; 319 m/z3 167 m/z for 11,12-EET; 319 m/z3 219 m/z for 14,15-EET. Base-line resolution of EET regioisomers was achieved on a Kinetex C18 analytical column (100 mm × 4.6 mm, 2.6 μm; Phenomenex, Torrance, CA) using the following mobile 
Cell proliferation
After exposure of cells to 10% FBS containing medium for the indicated time, viable adherent cells were stained with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide](2 mg/mL) for 4 h. Media were then removed and the formazan crystal-stained cells were dissolved in 200 μl dimethylsulfoxide. Absorbance was assayed at 540 nm using a microtiter plate reader (Berthold Tech., Bad Wildbad, Germany).
Flow cytometry
TAMR-MCF-7 cells were incubated in serum-free DMEM with 3 or 10 μM 4-hydroxytamoxifen in the presence or absence of ketoconazole (10 μM) or 14,15-EEZE (3 μM) for 24 h. The cells were harvested with trypsin treatment, stained with both annexin V-FITC and propidium iodide according to the manufacture's protocol (Invitrogen, Carlsbad, CA) and analysed by flow cytometry (FACStar, BD Biosciences, Mississauga, ON) set for FL1 (annexin V) and FL2 (propidium iodide). A total of 10 4 cells were counted for each sample.
Vascular endothelial growth factor (VEGF) enzyme-linked immunosorbent assay (ELISA)
A commercial ELISA kit (Biosource Diagnostics, Nivelles, Belgium) was used to determine VEGF concentrations in media according to the manufacturer's protocol. Briefly, cells were plated in six-well culture plates and incubated in serum-free medium for 24 h, and then the culture medium was measured with ELISA. VEGF concentrations were determined by measuring the www.impactjournals.com/oncotarget absorbance at 420 nm and were normalized to total protein concentrations in each well.
Migration assay
An in vitro migration assay was performed using a 24-well Transwell unit with polycarbonate filters (Corning Costar, Cambridge, MA) as previously described [58, 59] . The lower side of the filter was coated with type I collagen (Collaborative Research, Lexington, KY). The lower compartment was filled with 10% FBS. Ketoconazole, azamulin and 14,15-EEZE were added to the Transwell insert in the lower well. Cells were placed in the upper part of the Transwell plate, incubated for 17 h, fixed with formalin and methanol and stained with Hematoxylin for 10 min followed by a brief staining with Eosin. The migration phenotypes were determined by counting the cells that migrated to the lower side of the filter, using microscopy at 40× magnification. Eight fields were counted for each filter.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was isolated from the cells using a total RNA isolation kit (RNAgents, Promega, Madison, WI). The total RNA (1.0 μg) was reverse transcribed using an oligo(dT) 18-mer and Moloney murine leukemia virus reverse transcriptase (Bioneer). PCR was done using selective primers for human CYP3A4 (Forward, CATTCCTCATCCCAATTCTTGAAGT; Reverse, CCAC TCGGTGCTTTTGTGTATCT), CYP2C8 (Forward, AGATCAGAATTTTCTCACCC; Reverse, AACTTCG TGTAAGAGCAACA), CYP2C9 (Forward, AGGAAAA GCACAACCAACCA; Reverse, TCTCAGGGTTGTGC TTGTC), VEGF (sense primer, 5′-GCTACTGCCATC CAATCGAG-3′; antisense primer, 5′-TGCATTCACATT TGTTGTGC-3′), MMP-2 (Forward, AGTCTGAAGAG CGTGAAG; Reverse, CCAGGTAGGAGTGAGAATG), MMP-9 (Forward, TGACAGCGACAAGAAGTG; Reverse, CAGTGAAGCGGTACATAGG) and S16 ribosomal protein (S16r) genes (sense, 5′-TCCAAG GGTCCGCTGCAGTC-3′; antisense, 5′-CGTTCAC CTTGATGAGCCCATT-3′). PCR was carried out for 40 cycles under the following conditions: denaturation at 95°C for 10 s, annealing at 52°C for 30 s, and elongation at 72°C for 1 min. The band intensities of the amplified DNA were compared after visualization with an FLA-7000 (Fujifilm, Tokyo, Japan).
Realtime quantitative PCR (qPCR)
Total RNA was isolated by using Trizol (Invitrogen, USA). qPCR was performed with a real time PCR machine and primers specific for Pin1 (Forward, TCGGGAGAGGAGGACTTTG; Reverse, GGAGGATGATGTGGATGCC) and GAPDH (Forward, CATGAGAAGTATGACAACAGCC; Reverse, AGTCCT TCCACGATACCAAAG).
Gelatin zymography
Enzymatic activity of MMP-2 and MMP-9 was measured by gelatin zymography in 10% SDSpolyacrylamide separating gels in the presence of 0.1% gelatin. Serum free media were collected and incubated with an adequate volume of SDS sample loading buffer for 10 minutes at room temperature, and separated at 4°C. Following electrophoresis, the gel was rinsed in enzyme renaturing buffer containing Triton X-100 (30 minutes at room temperature). Subsequently, the gel was incubated in developing buffer (50 mM TrisHCl, pH=7.5; 200 mM NaCl; 5 mM CaCl 2 ; 0.02% Brij-35) overnight at 37°C, stained with Coomassie brilliant blue R-250 solution (0.5%) for 30 minutes, and then destained in methanol, acetic acid and water (5:4:1) solution until clear bands of MMP activity were visible on the dark blue background. Digestive activity of MMPs was confirmed by presence of two bands on zymograms, slower migrating MMP-9 (94 kDa) and faster migrating MMP-2 (72 kDa).
Chick chorioallantoic membrane assay
Chick chorioallantoic membrane (CAM) assays were done according to previously published methods [60, 61] . The surfaces of 10 days-old post-fertilization chick eggs were sterilized and the CAM exposed by cutting a window (1 cm 2 ) on one side of the egg using the false air sac technique. Both the MCF-7 and TAMR-MCF-7 cells (2x 10 6 cells) were placed on the exposed CAM and the windows were sealed with transparent tape. VEGF (20 ng/ mL) was used as a standard proangiogenic agent. The eggs were then incubated in a humidified incubator at 37°C and treated with ketoconazole and 14,15-EEZE with indicated doses. Eggs were examined every 72 h after inoculation using an SV6 stereomicroscope (Carl Zeiss, Oberkochen, Germany) at ×50 magnification. Digital images of CAM sections were collected using a three-charge-coupled device color video camera system. Images were analyzed using Image-Pro software (Media Cybernetics, Rockville, MD). The number of vessel branch points contained in a circular region was counted. The tumors were excised and measured that the size to evaluate the influence of chemicals on the tumorigenesis development.
Statistical analysis
Scanning densitometry was done using an LAS3000mini (Fujifilm, Tokyo, Japan). A paired Student's t test was used to examine between group differences. Statistical significance was accepted at either P < 0.05 or P <0.01.
